Introduction
Chitinases are a group of enzymes that hydrolyse chitin, a homopolymer of poly-β(1-4)-linked N-acetylglucosamine monomers. Chitin is part of the exoskeleton of arthropods and is also found in various fungi and bacteria. It has been described as a constituent of the nematode eggshell and eggshell-derived structures (Wharton 1983; Brydon et al., 1987) . Thus, it is mandatory that nematodes possess enzymes to cleave chitin during the escape of the first larval stage from the egg and it was indeed shown that a chitinase is active in this process (Rogers, 1958) . Chitinase activity is in fact associated with nematode eggs (Ward and Fairbairne, 1972) , uterine stages (Justus and Ivey, 1969) and female worms (Gooday et al., 1988) . The description of filarial chitinases as prominent antigens with a possible role in protective immunity provided a stimulus to study these proteins further at the molecular level. Filarial chitinases of Brugia malayi, Wuchereria bancrofti, Acanthocheilonema viteae and Onchocerca volvulus were cloned, expressed and tested in immunization experiments. Some of these experiments established a protective potential for recombinant filarial chitinases, but much has to be done to evaluate this potential further.
The Role of Filarial Chitinases in Microfilariae
The hatching of the first larval stage of filarial nematodes, the microfilaria (mf), from the eggshell is quite different from the process in other ©CAB International 2001 . Parasitic Nematodes (eds M.W. Kennedy and W. Harnett) nematodes, since these parasites are viviparous; in addition, the timing of the eclosion from the eggshell differs between species. Some filarial species produce mf which remain fully surrounded by a modified eggshell (the sheath) until they are taken up by a suitable arthropod host. In other species, the structure corresponding to the eggshell is a thin envelope that is cast by nearly mature mf in the proximal part of the uterus before birth. These mf are termed unsheathed. Eggshells of filarial worms have been proved to contain chitin (Brydon et al., 1987) . If chitinases were involved in the process of hatching, they should appear at time points when chitin degradation is likely to occur. In fact, chitinases from species with sheathed mf were described from blood mf (Fuhrman, 1995a) while chitinases of species with unsheathed mf have been described from uterine stages in Onchocerca spp. and A. viteae (Brydon et al., 1987; Adam et al., 1996) .
A protein that was later identified as mf chitinase was first characterized by Canlas et al. (1984) from B. malayi. The authors described the 70 and 75 kDa target proteins of a monoclonal antibody (mAb), MF1, on the surface of the sheath of B. malayi mf. The expression of the target antigens was dependent on the age of the mf, as intrauterine or newly born mf contained low amounts of the protein at best, while the protein increased in abundance in mf after several days of residence in the vertebrate host (Fuhrman et al., 1987) . The onset of chitinase production coincided with the ability of the mf to penetrate the midgut of the mosquito vector after transmission and to develop subsequently to infective third-stage larvae (L3) (Fuhrman et al., 1987) . The cDNA sequence of the MF1 target antigen was described by Fuhrman et al. (1992) and the homologies to bacterial and yeast chitinases indicated that the protein was an mf endochitinase. This function was confirmed by the demonstration of chitinolytic activity.
The coincidence between the appearance of chitinase on the mf sheath and the ability to infect the arthropod vector is indicative of a role for the protein in eclosion of the mf from its sheath. In addition, chitinases could theoretically be required to infect the mosquito vector, but it seems that mf penetrate the mosquito midgut before the chitinous peritrophic membrane is established (Perrone and Spielman, 1986 ) and so do not have to traverse a chitin barrier. An alternative function would be the diversion of host defence mechanisms within the arthropod host by production of N-acetylglucosamine (GlcNAc). An interesting experiment demonstrated a higher penetration rate of Brugia pahangi mf from the midgut into the haemocoel of Aedes aegypti after supplementation of the blood meal with GlcNAc (Ham et al., 1991) . The authors postulated that a potential antimicrofilarial GlcNAc-specific lectin in the midgut could have been saturated and thus rendered inefficient by the GlcNAc supplement. This would represent an analogy to the function of chitinases of rickettsia-like endosymbionts of tsetse flies which enhance the infectivity of the trypanosomes within the blood meal (Welburn et al., 1993) .
The pattern of mf chitinase expression of A. viteae, a filarial species with unsheathed mf, was characterized with two mAbs (24-4 and 2H2) raised against A. viteae L3 chitinase by Adam et al. (1996) . Immunofluorescent antibody tests (IFATs) with cryostat sections and uterine contents of adult female worms revealed that the target epitopes of 24-4 were accessible in the distal parts of the uterus, on the surface of nearly mature uterine mf which were about to cast the eggshell (Fig. 10.1 ). The surface of younger uterine stages, intact newborn mf or blood mf did not bear the target epitope, while degenerated newborn mf stained positively. The expression of chitinase exclusively on the surface of nearly mature uterine mf is compatible with a role in cleaving the eggshell. Immunogold localization on ultra-thin sections showed that chitinase epitopes were present within the cuticle, but not on the surface of younger uterine stages ( Fig. 10.2) . The chitinase within the cuticle of immature uterine mf could represent a storage form which is transported to the mf surface prior to the hatching process. MAb 2H2 recognized target proteins of 220 kDa and 26 kDa in uterine contents of female A. viteae, but chitinase activity was detectable only in the 220 kDa molecule, suggesting that the smaller protein is a degradation product. An absence of chitinase in circulating mf of sheathless filarial species was also shown for Onchocerca spp. and Dirofilaria immitis (Fuhrmann, 1995a,b) .
The Role of Chitinases in the Infective Larva Stage
L3 chitinases have been characterized from A. viteae Wu et al., 1996) and O. volvulus (Wu et al., 1996) . The A. viteae L3 chitinase was studied using the same anti-A. viteae chitinase mAbs, 24-4 and 2H2, as described above . MAb 2H2 recognized bands of 68 kDa and 205 kDa in immunoblots with L3 antigen and in L3 culture supernatant, while the other mab, 24-4, only recognized the 205 kDa band. The N-terminal protein sequence of both proteins revealed 20 identical amino acids with homology to the endochitinase of B. malayi (Fuhrman et al., 1992) . The quantity of 205 kDa material decreased with a concomitant increase of 68 kDa material after extensive treatment of L3 proteins with reducing agents, suggesting that the 205 kDa form is a trimer of disulphide-linked 68 kDa monomers. In substrate activity gels (Trudel and Asselin, 1989) only the 68 kDa protein was found to be enzymatically active. Thus, mAb 2H2 recognizes an epitope accessible on both, the active and the inactive form of chitinase, while the target epitope of mAb 24-4 is accessible only on the inactive presumptive L3 chitinase trimer. Immunogold staining of ultra-thin sections of L3 with mAbs 24-4 and 2H2 revealed A. viteae chitinase in the cellular cytoplasm and in the lumen of the glandular oesophagus of vector-derived L3 . Kaltmann (1990) determined that vector-derived A. viteae L3 released the target epitope of 24-4 under vertebrate culture conditions at 37°C mainly during the first 24 h after isolation from ticks. Such release was reduced at 28°C and no release occurred when the L3s were cultured in insect medium at 37°C or 28°C. Supernatants of moulting L3 also contained chitinase, whereas fourth-stage larvae (L4) did not contain the protein. These results are consistent with the data of Wu et al. (1996) who found that A. viteae L3s secrete an enzymatically active 75 kDa form and an inactive 220 kDa form of chitinase during 3-6 days in culture under vertebrate conditions up to the L3/L4 moult, when the release ceases abruptly. The de novo synthesis of the 75 kDa form of A. viteae L3 chitinase, as quantified by biosynthetic labelling of L3s within the vector ticks, was shown to occur only at 27°C and not at 37°C. Together, these data suggest that L3 chitinase is produced and stored in the glandular oesophagus of the L3 within the intermediate host, while secretion is triggered by the environmental conditions of the vertebrate host, and occurs during the early phase of infection and during moulting.
The role of L3 chitinase is not fully understood and different scenarios are conceivable, either alternatively or in combination with each other. Firstly, the protein could contribute to egress of the L3 from the chitinous mouthparts of the vector during the blood meal, as soon as the host blood provides the necessary temperature shift and other required stimuli. A chitinolytic activity could facilitate this process but no data are available on this aspect. Secondly, the release of chitinase during the first days of culture under vertebrate conditions is compatible with the view that chitinase acts on host molecules during an early stage of infection. It is possible that the enzyme interacts with, for example, elements of the extracellular matrix, facilitating the migration through host tissues. A similar role in degradation of vertebrate tissue structures was discussed for the chitinase-like vertebrate protein HC gp-39 (Hakala et al., 1993) . Further studies on the substrate specificity of filarial chitinases are necessary to obtain precise information relating to this. Thirdly, the release of chitinase during the L3/L4 moult indicates a role in moulting. The A. viteae L3 chitinase is located in the glandular oesophagus, which leads into the buccal cavity. These pharyngeal glands of nematodes deliver products that contribute to the moult (Bird and Bird, 1991) and are secreted around the time of moulting in O. volvulus (Strote and Bonow, 1991) . It is possible that chitinases are released into the buccal cavity and act in degrading the L3 cuticle at its anterior pole, allowing the hatching of L4 through the ruptured exuvia. Recently, McKerrow et al. (1999) indicated that material of the glandular oesophagus could be transported to the surface of L3 via a network of intercellular channels. Such a mechanism could allow chitinase to reach the cuticle of the developing L4, where it could have a role in restructuring the new cuticle and in degrading the L3 cuticle.
To date, the relationship between the described mf chitinases and L3 chitinases remains unclear. Arnold et al. (1996) described the presence of multiple bands hybridizing with a chitinase probe in the genome of B. malayi. It is not clear whether these sequences are functional genes and which proteins such presumptive genes would encode. It is conceivable that the chitinase of each stage is encoded by a distinct gene. However, it cannot be ruled out that one gene is differentially expressed in mf and L3, while the other members of the gene family could fulfil other functions.
Biochemistry and Molecular Biology of Filarial Chitinases
The filarial chitinases are members of the family of 18 glycosyl hydrolases which contain a characteristic motif at the active centre (Henrissat, 1990; Watanabe et al., 1993) . Based on structural similarities, it is expected that the published filarial chitinases are endochitinases which produce two to six chito-oligomers. These might be further degraded to monomers via β-N-acetylglucosaminidases in analogy with findings in insects. Native B. malayi chitinase purified by lectin chromatography showed K m values of 77 µM for 4-methylumbelliferyl (4-MU) GlcNAc 2 , and 27 µM for 4-MU GlcNAc 3 (Fuhrman et al., 1995) , which is similar to the data for native Heligmosomoides polygyrus chitinase . The recombinant chitinases of B. malayi, A. viteae and O. volvulus have been shown to be enzymatically active Drabner et al., unpublished results) . The K m (µM) values for recombinant full-length B. malayi chitinase were 45 for 4-MU GlcNAc 2 , and 22 for 4-MU GlcNAc 3 .
The published filarial chitinases show a distinct modular domain structure (Fig. 10.3) . The first 17-22 amino acids serve as a cleavable signal sequence, indicating that the enzymes are secreted or are components of the outer membrane. The catalytic domain, essential for the degradation of the substrate, includes the active centre of this type of chitinase (LIVMFY-DN-G-LIVMF-DN-LIVMF-DN-X-E; Henrissat, 1990; Watanabe et al., 1994) . It is followed by a Ser/Thr-rich domain which comprises three to four repeats of each of the 14 amino acids. These sites are supposed to be the target for extensive O-glycosylation (Kuranda and Robbins, 1991) . The presence of several prolines suggests that the Ser/Thr-rich domain acts as a hinge-like linker region. The C terminus of filarial chitinases comprises a domain with six cysteine residues spaced in a conserved pattern. This pattern also occurs in the chitin binding domains of insect chitinases, and Tellam (1996) therefore suggested that the domain facilitates the hydrolysation process via juxtaposing the β 1-4 glycosidic linkages of chitin and the active site of the catalytic domain. However, truncated B. malayi chitinase which lacks the chitin-binding domain nevertheless has the full enzymatic activity .
The described enzymatically active filarial chitinases have a high degree of identity and similarity at the level of nucleic acids and amino acids, respectively ( Fig. 10.4) . While the nucleic acid sequences are up to 75% identical, the amino acid sequences show an identity of 70-80% with a further 10-15% similar amino acids. The chitinase of C. elegans (Swiss Prot Q11174) is less related to the filarial chitinases, exhibiting 42% identity of nucleotides, and 42% identity and 48% similarity at the amino acid level compared with the O. volvulus L3 chitinase. The catalytic domain shows high homology to filarial chitinases and the active centre is relatively conserved, with only two out of nine amino acids exchanged. The chitinase of Manduca sexta (Kramer et al., 1993) is relatively homologous to the nematode chitinases (64% nucleotide identity, and 35% identity and 45% similarity to the L3 chitinase of O. volvulus at the amino acid level), while the enzymes of Streptomyces spp., bacteria and fungi are less similar (Blaak et al., 1993) .
Chitinase-like Proteins in Vertebrates
Because vertebrates do not produce chitin, it was postulated that the enzymes involved in the formation and turnover of chitin could be a target for drug development in organisms that contain chitin. However, it has to be considered that chitinase-like proteins from vertebrates have recently been described. Two prominent members of the human chitinase family, termed YKL-40 (or HC gp-39) and chitotriosidase, respectively, are secreted by chondrocytes, synovial fibroblasts and macrophages Renkema et al., 1998) . HC gp-39 was reported to have a role in the remodelling or degrading of extracellular matrix and thus might contribute to the pathogenesis of rheumatoid arthritis (Volck et al., 1998) or colorectal cancer (Cintin et al., 1999) . Furthermore, HC gp-39 was described as acting as a chitin-specific lectin (Renkema et al., 1998) , suggesting a possible role in defence against microorganisms. While no chitinolytic activity has been described for HC gp-39/YKL-40, Boot et al. (1995) localized enzymatically active chitotriosidase to human macrophages. This enzyme was initially found due to a several hundredfold increase in enzyme activity in patients with Gaucher disease (Hollak et al., 1994; Renkema et al., 1995) , which is characterized by an accumulation of glycosyl ceramide within the lysosomes of macrophages, which interferes with the function of the cells. Human HC gp-39 (Gene Bank accession no. P36222) and the human chitotriosidase (Gene Bank accession no. AAC50246) show overall amino acid identities of 41% and 52% and similarities of 45% and 55%, respectively, with the L3 chitinase of O. volvulus. Furthermore, a group of oviduct-associated chitinase-like proteins, the 'oviductins', have been described from mammals (mice, baboons, humans) and other vertebrates (e.g. Xenopus). Oviductins are secreted into the lumen of the oviduct under hormonal control during oestrus (Sendai et al., 1995) . These proteins have a characteristic domain structure like other chitinases, including a domain with significant similarities to the catalytic domain, though it is not enzymatically active, as well as Ser/Thr-rich repeats of 15 amino acids each (Malette et al., 1995) . The carboxy-terminal Ser/Thr-rich domains are heavily O-glycosylated and show features of mucins. It was thus suggested that the chitinase-like domain targets the oviductins to the oocyte via interaction with specific oligosaccharide moieties of the zona pellucida and that the mucin-type glycoprotein domains act as a protective shield surrounding the oocyte. Such a hormonal control of expression as described for the oviductins is reminiscent of induction of insect chitinases which are active during moulting through ecdysone-like hormones (Fukamizo and Kramer, 1987) . By analogy, it is possible that the expression of filarial chitinases secreted during moulting is also regulated by hormones, as has been shown to be the case for other helminths (Barker et al., 1990; Warbrick et al., 1993) . Further studies must show whether the respective regulatory elements are present in filarial chitinase genes.
Immunological Aspects of Filarial Chitinases
It is conspicuous that published work on filarial chitinases has been in the context of protective immunity. The first filarial chitinase was described by Canlas et al. (1984) , who reported that a mAb, MF1, binding to the sheath of B. malayi mf, mediated the in vitro adherence of spleen cells of jirds (Meriones unguiculatus) and human buffy coat cells. Passive immunization of infected jirds with MF1 decreased the number of circulating B. malayi mf. The MF1 target epitope was also recognized by sera of individuals infected with Brugian filariasis who had remained amicrofilaraemic despite exposure to transmission. Fuhrman et al. (1992 Fuhrman et al. ( , 1995 identified the target antigens of MF1, two proteins of 70 and 75 kDa, as isoforms of a chitinase.
Immunization of jirds with a recombinant fusion protein with maltose binding protein, expressed in E. coli, significantly delayed the onset of microfilaraemia and reduced the number of mf in the systemic circulation, but did not reduce the worm burden (Wang et al., 1997) . This partial protection against mf was obtained after intraperitoneal or subcutaneous immunization employing alum or Freund's complete adjuvant, irrespective of whether the challenge infection was given intraperitoneally or subcutaneously. Immunization studies with a truncated polypeptide revealed that the protective epitope was located at the carboxyl terminus of the protein, which also bears the target epitope of MF1. These data convincingly show that mf chitinase of B. malayi induces partial anti-mf immunity in jirds via an antibody-mediated mechanism. Interestingly, antibodies raised against full-length B. malayi mf chitinase and antibodies of lymphatic filariasis patients bind predominantly to the C-terminal portion of the protein (Wang et al., 1997) . The same holds true for O. volvulus L3 chitinase, where antibodies in sera of onchocerciasis patients reacted distinctly more strongly with the C terminus as compared with the recombinant full-length chitinase (Drabner et al., unpublished results) . A filarial chitinase-like protein was identified when Freedman et al. (1989) compared the pattern of IgG antibodies of individuals from the Cook Islands infected with W. bancrofti versus individuals exposed to transmission without being infected ('putatively immunes'). All sera of a carefully defined group of seven putatively immune people reacted with a 43 kDa protein of the L3 stage of the closely related filarial parasite B. malayi in immunoblots. In contrast, only one out of 12 (8%) sera of microfilaraemic patients recognized this protein. This association between differential recognition and resistance against infection suggested a role for the antigen in protective immunity. A clone was isolated using a rabbit antiserum against the 43 kDa protein from a W. bancrofti genomic expression library. An alignment of the coding sequence revealed 46% identity to the chitinase of Serratia marcescens but only 23% identity to B. malayi mf chitinase. The protein was present in L3 and uterine mf of B. malayi (Raghavan et al., 1994) . The recombinant protein was differentially recognized by the antibodies of putatively immune individuals, but not by infected patients from the same endemic area. So far, no immunization studies with the recombinant protein have been published.
A similar analysis of antibody responses in an animal model of filariasis revealed an L3 chitinase recognized by sera of animals resistant to infection. Lucius et al. (1991) found that sera of jirds vaccinated with irradiation-attenuated L3s of A. viteae differentially recognized L3 antigens of 205 kDa and 67 kDa in immunoblots ( Fig. 10.5) . Adam et al. (1996) identified these proteins as two forms of an L3 chitinase after protein sequencing and cloning from an L3 cDNA expression library. Wu et al. (1996) identified the same chitinase (molecular weight of the bands: 220 and 75 kDa) as an L3 specific protein by metabolic labelling of A. viteae L3 in ticks and cloned the protein and the homologous O. volvulus L3 chitinase from cDNA libraries. In our laboratory, immunization of jirds with enzymatically active E. coli-expressed full-length A. viteae L3 chitinase in combination with the co-blockpolymer adjuvant STP (Byars and Allison, 1987) did not induce statistically significant protection in two experiments. Similarly, native chitinase purified from A. viteae L3s by lectin affinity chromatography used in combination with STP did not induce protection (two experiments). However, immunization of jirds with live attenuated Salmonella typhimurium expressing active A. viteae chitinase reduced the number of adult worms compared with the control group (48.6% protection, P < 0.05) in one experiment, but not in a repeat experiment (Adam et al., unpublished results (Harrison et al., 1999) . A second DNA vaccination experiment showed a trend towards protection but no statistical significance.
Together, these data suggest that L3 chitinase has potential as a vaccine against filarial infective third-stage larvae. Considering the fact that L3 chitinase is an antigen exposed at critical time points of the parasite life cycle (host invasion and first moult within the definitive host), this protein has appealing properties as a vaccine candidate. However, studies on the effect of adjuvants, on antigen delivery systems and on the immune effector mechanisms generated will be necessary, as only a better understanding of the immunobiology of the early filarial infection will allow optimization of the immunization protocols. Among other tasks, it will be important to study the T-cell response against filarial chitinases in more detail. Our own analyses show that the deduced amino acid sequence of O. volvulus L3 chitinase comprises 24 putative T-cell epitopes, as predicted by the algorithm of Rothbard and Taylor (1988) . We tested synthetic peptides comprising these T-cell epitopes in proliferation assays with spleen cells of chitinase-immunized BALB/c mice and found that 11 epitopes were able to restimulate spleen cells. Most of the predicted or demonstrated T-cell epitopes were clustered in the central part of the protein (Drabner et al., unpublished results) . Furthermore, tests in our laboratory revealed that the pattern of T-cell and of IgG subclass responses against O. volvulus L3 chitinase in mice can be influenced by the choice of adjuvants, which drive the immune response into the Th 1 or Th 2 direction, respectively (Drabner et al., unpublished results) . Because the choice of adjuvants and the mode of antigen delivery seems to influence the protective capacity of L3 chitinase, such information will be crucial to the design of optimized vaccination strategies.
